In this study we used HeLa cells transfected with a conditional Bcl-2 expression construct to study the effects of Bcl-2 on reduced glutathione (GSH) metabolism. Our previous work demonstrated that depletion of GSH by culturing cells in tissue culture medium lacking the amino acids cysteine and methionine, essential for GSH biosynthesis, caused cells overexpressing Bcl-2 to become sensitized to apoptotic induction. Here we report that Bcl-2 also dramatically alters GSH compartmentalization. Cellular distribution of GSH, assayed by confocal microscopy, revealed that when Bcl-2 expression was suppressed GSH was uniformly distributed primarily in the cytosol, whereas overexpression of Bcl-2 led to a relocalization of GSH into the nucleus. Isolated nuclei readily accumulated radiolabeled GSH and maintained higher nuclear GSH concentration in direct relation to Bcl-2 nuclear protein levels. Moreover, exogenous GSH blocked apoptotic changes and caspase activity in isolated nuclei exposed to the pro-apoptotic protease granzyme B. Our results indicate that one of the functions of Bcl-2 is to promote sequestration of GSH into the nucleus, thereby altering nuclear redox and blocking caspase activity as well as other nuclear alterations characteristic of apoptosis. We speculate that this mechanism contributes to the suppression of apoptosis in cells with elevated Bcl-2 levels.
The ability of Bcl-2 and its family members to regulate apoptosis makes it a tantalizing target for modulating cell death in diseases where tissue homeostasis is disrupted by deregulated cell death. The biochemical mechanisms involved in the function of these proteins, however, have remained elusive. Initial insight into the function of Bcl-2 came from studies in knockout mice (1) , which developed pathologies associated with defects in regulation of cellular redox in response to oxidative stress (2) . More recent research into the function of Bcl-2 by three-dimensional protein crystallography indicated that the tertiary structure of Bcl-2 resembled the pore-forming domains of bacterial toxins (3) . Additionally, recombinant Bcl-X L was capable of forming ion channels in synthetic membranes, and Minn et al. (4) suggested the possibility that Bcl-X L may also regulate the transport of proteins.
Previously, we have reported that in both animal and cell models, Bcl-2 overexpression led to an increase in total cellular glutathione (GSH) levels (5) . Depletion of GSH by culturing cells in tissue culture medium lacking the amino acids cysteine and methionine (CM Ϫ medium) or treating cells with diethyl maleate to directly deplete GSH caused cells overexpressing Bcl-2 to become sensitized to apoptotic induction. Interestingly, under these conditions Bcl-2 levels remained unchanged, suggesting that Bcl-2 was not directly regulating apoptotic sensitivity but modulating sensitivity through an intermediary such as GSH.
In light of these observations we decided to investigate whether Bcl-2 had any role in GSH trafficking. By using HeLa cells transfected with Bcl-2 under the control of a tetracycline (Tet)-repressible promoter we were able to observe GSH sequestration into the nucleus when Bcl-2 protein expression was high that did not occur when Bcl-2 was low. When these findings were extended to other systems, the observation of nuclear GSH localization was predicted by Bcl-2 status. Depletion of GSH by CM Ϫ medium sensitized HeLa cells overexpressing Bcl-2. Additionally, nuclear GSH was functionally relevant because isolated nuclei treated with exogenous GSH were protected from apoptotic changes induced by granzyme B. Taken together these results suggest that one of the functions of Bcl-2 is to sequester GSH within the nucleus.
MATERIALS AND METHODS
Cell Culture. LYas and LYar cells are sublines obtained from an apoptosis-sensitive B-cell mouse lymphoma (TH-LY) (6) . HeLa S3 Tet-Off cells stably transformed with pTREBcl-2 (HeLa͞Tet-Bcl-2) (7) were kindly provided by CLON-TECH. Cells were grown as described previously (7) . To suppress Bcl-2 protein levels HeLa͞Tet-Bcl-2 cells were cultured in the presence of 2 g͞ml Tet (Sigma) 48 h before any experiment. Bcl-2 protein levels were assayed by Western blot analysis.
Subcellular Localization of GSH. To qualitatively assess GSH localization, cells were visualized with a Zeiss Axiovert confocal microscope attached to a PC-based computer running laser scan microscope software for microscope control and image analysis. HeLa͞Tet-Bcl-2 cells grown in chamber slides were loaded with 100 nM CellTracker green 5-chloromethylfluorescein diacetate (CMFDA) and 100 nM MitoTracker red CM-H 2 XRos (MTX) (both from Molecular Probes) following the manufacturer's directions. Coverslips were mounted with either tissue culture medium, or cells were fixed with 4% paraformaldehyde and mounted with Slowfade (Molecular Probes). LYar͞LYas cells were loaded with CM-FDA and MTX in suspension culture and following a PBS wash were attached to slides by cytospin. Independent scans of red (510 nM) and green (488 nM) fluorescence were made to identify MTX and CMFDA staining, respectively.
Nuclei Isolation and Nuclear GSH Quantitation. Nuclei isolation was performed as described previously (8) . For quantitation of nuclear pools of GSH, cells were layered on silicon oil, and nuclei were pelleted into GSH lysis buffer for GSH determination or PBS for nuclei purity analysis. Nuclear and whole cell GSH was determined by o-phthaldialdehyde quantitation of GSH as described previously (5) .
Quantitation of Nuclear Uptake of Radiolabeled GSH. Nuclei were resuspended in TKN buffer (150 mM NaCl͞1.5 mM MgCl 2 ͞10 mM Tris⅐HCl, pH 7.4) supplemented with 1 mM ATP and [ 3 H]GSH (DuPont͞NEN) for 45 min as described in Bellomo et al. (9) . Nuclei were then pelleted and transferred to scintillation vials, and disintegrations͞min were determined with a Packard Tri-Carb 4530 liquid scintillation counter (Packard).
Pulsed-Field Gel Electrophoresis (PFGE) Analysis of DNA Fragmentation. PFGE was performed as described previously (10) . Electrophoretic conditions were: 5 V͞cm for 16 h at 14°C with a ramped switching time from 50 to 100 s. Quantification of apoptosis by DNA fragmentation was performed as reported previously (5) .
Poly(ADP-Ribose) Polymerase (PARP) and Bcl-2 Analysis. Western blot analysis of Bcl-2 expression and PARP cleavage was performed as described previously (5) 
RESULTS AND DISCUSSION
We and others (11) have reported that Bcl-2 overexpression leads to an increase in total cellular GSH levels (5); conversely, depletion of GSH resensitized cells to apoptotic induction without modulating Bcl-2 levels. Thus, Bcl-2 may modulate apoptosis though an intermediary pathway such as GSH metabolism.
To investigate the effects of Bcl-2 on GSH more directly, we used HeLa cells transfected with Bcl-2 under the control of a Tet-repressible promoter. Addition of Tet for 48 h led to suppression of Bcl-2 protein levels ( Fig. 1) . To visualize intracellular GSH we used the fluorescent probe CMFDA, which is conjugated to GSH preferentially by glutathione S-transferase, to determine localization of GSH within HeLa͞ Tet-Bcl-2 cells (12) . Analysis by confocal microscopy of GSH staining by CMFDA indicated a cytoplasmic and perinuclear staining in cells where Bcl-2 levels were low. In contrast, cells with high levels of Bcl-2 had abundant nuclear CMFDA staining with diffuse cytoplasmic staining ( Fig. 2A) . Semiquantitative pseudo-color relief maps emphasize the relative distribution of GSH within these cells under different Bcl-2 protein levels (Fig. 2C) .
To confirm these findings, we quantified GSH in the nuclear compartment by isolating nuclei through a silicon oil layer (9) to prevent reported GSH leakage from isolated nuclei in aqueous medium and cell-free systems (13) . HeLa͞Tet-Bcl-2 cells that expressed high levels of Bcl-2 amassed approximately 75% of total cellular GSH within the nucleus, whereas only 30% of the total GSH was located within the nucleus when Bcl-2 expression was suppressed (Table 1) .
Bellomo et al. (9, 14) have previously documented the existence of an ATP-dependent nuclear GSH sequestration system in isolated hepatocytes. Because all currently available dyes for GSH have different degrees of specificity for GSH, we directly measured GSH uptake in isolated nuclei from HeLa͞ Tet-Bcl-2 cells expressing different levels of Bcl-2. Incubation of nuclei in the presence of radiolabeled GSH and ATP led to increasing accumulation of nuclear GSH with increasing amounts of nuclear Bcl-2 protein expression (Fig. 3) . We are currently investigating the mechanism and energy requirements of Bcl-2-mediated nuclear GSH sequestration (unpublished data).
We next examined a number of different cell systems to determine the universality of the effect of Bcl-2 on nuclear GSH. We have previously described the LYar and LYas mouse lymphoma cell systems, which are derived from cells isolated from an apoptosis-sensitive mouse tumor (6) . In LYas cells, which have no detectable Bcl-2 protein by Western blot analysis (5), weak nuclear CMFDA staining and moderate mitochondrial localization was observed when cells were analyzed by confocal microscopy (Fig. 2 B) . However, LYar cells, which express a 30-fold higher level of Bcl-2, had prominent nuclear staining along with cytoplasmic staining (Fig. 2 B) . Consistent observations were obtained with thymocytes from Bcl-2 transgenic or Bcl-2 knockout mice; where Bcl-2 levels were high, nuclear accumulation of GSH was observed (Fig. 4) . Interestingly, in the wild-type control mice, there was heterogeneity in nuclear GSH staining between individual cells, which may be indicative of the heterogeneity to apoptosis susceptibility observed in the developing thymus during T cell maturation (15) .
To determine the relevance of GSH accumulation to apoptosis susceptibility, we depleted GSH in the Bcl-2-expressing cells through incubation in CM Ϫ medium. This partially restored apoptotic sensitivity to ionizing radiation (Fig. 5) . We previously reported (5) that diethyl maleate was able to reverse the resistance to apoptosis by Bcl-2 expression in LYar cells by depleting GSH; however, buthionine sulfoximine, which primarily depletes cytosolic and not nuclear GSH (13), did not sensitize Bcl-2-expressing LYar cells. Diethyl maleate depletes GSH by conjugating with -SH groups within all cellular pools, whereas buthionine sulfoximine depletes GSH by inhibiting Protein samples were collected from cell populations that were cultured in parallel on chamber slides for microscopy. Cells were placed in culture with or with out 2 g͞ml Tet (lanes 2 and 1, respectively) and incubated for 48 h to regulate Bcl-2 protein expression. Coimmunodetection of actin was performed to assure equal loading.
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Proc. Natl. Acad. Sci. USA 95 (1998)␥-glutamylcysteine synthetase that is necessary for cytosolic GSH biosynthesis. Therefore, it is likely that compartmentalization of GSH is a more important determinant of apoptosis sensitivity than the overall intracellular level of GSH.
Members of a family of cysteine proteases homologous to human interleukin-1␤-converting enzyme, collectively termed caspases, are key components of the effector machinery leading to DNA fragmentation in apoptosis. Although early work suggested that these proteases are expressed primarily in the cytosol, recent results indicate that they are also found in the nucleus (16, 17) . To test the functional relevance of the nuclear GSH pool in apoptosis regulation we developed a cell-free system in which exogenous recombinant granzyme B was used to directly trigger caspase activation (18) and DNA fragmentation in isolated nuclei. Incubation of isolated nuclei in the presence of granzyme B led to a significant increase in 50-kbp 3 . Nuclear uptake of GSH as a function of Bcl-2 protein concentration in isolated nuclei. To determine the relationship between uptake of GSH and Bcl-2 protein expression, isolated nuclei from HeLa͞Tet-Bcl-2 cells were incubated with [ 3 H]GSH in TKN buffer for 45 min as described previously (9) . To obtain varying levels of Bcl-2, cells were exposed to titrated levels of Tet before nuclei isolation. Nuclei were then processed for Western blot analysis of Bcl-2 or incubated with radiolabeled GSH. (A) Increased GSH uptake was observed in nuclei that expressed elevated levels of Bcl-2. (B) Verification of Bcl-2 protein levels observed in isolated nuclei by Western blot analysis. Error bars represent SE from three independent experiments repeated with similar results. DNA fragments typical of apoptosis (10) as measured by PFGE (Fig. 6A) . Parallel Western blot analysis of PARP cleavage (indicative of caspase 3 activation (19)) revealed that the granzyme B-treated samples also exhibited characteristic 89-kDa PARP fragments (Fig. 6B) . However, when 10 mM GSH was added to nuclei immediately before addition of granzyme B both DNA fragmentation and PARP cleavage were suppressed (Fig. 6 ). Similar inhibition was observed by using lower GSH concentrations in the presence of a regenerating system [NADPH ϩ GSH reductase (data not shown)]. GSH also inhibited the cleavage of DEVD-AFC, a specific substrate for caspase 3, at a concentration of granzyme B sufficient to induce DNA fragmentation and a 4-fold increase in fluorescence of hydrolyzed DEVD-AFC (Fig. 6C) . Importantly, granzyme B did not cleave DEVD-AFC directly when incubated without nuclei (data not shown), indicating that DEVD hydrolysis was because of caspase activation. Additionally, GSH did not prevent either the hydrolysis of a granzyme B-selective peptide substrate (AAD-AFC) or production of the 64-kDa fragment characteristic of direct granzyme B cleavage of PARP (20, 21) . These observations suggest that DEVD-AFC hydrolysis was because of activation of FIG. 4 . Localization of GSH in mouse thymocytes expressing various levels of Bcl-2 as analyzed by confocal microscopy. Isolated thymocytes from mice transgenic for Bcl-2 (top), Bcl-2 knockout mice (middle), or control littermates (bottom) were stained with CMFDA and MTX and subjected to confocal microscopy. Mitochondria are highlighted by MTX localization in the left panels, whereas GSH localization is shown in the right panels. Of interest is the heterogeneous GSH staining between cells in the control mice suggesting high Bcl-2 levels in some thymocytes and low Bcl-2 levels in others. respectively. Granzyme-treated samples exhibited both PARP cleavage and generation of a 50-kbp fragment, which was abolished by addition of 10 mM GSH. Although PARP cleavage was not totally suppressed this is probably because of the lack of a GSH-regenerating system (see text). In separate experiments caspase 3 activity and processing (C) were determined by cleavage of a target peptide 30 min following addition of 20 units of granzyme B. Addition of 10 mM GSH was able to suppress the cleavage of DEVD-AFC. Error bars in caspase 3 activity measurements were from replicate wells. caspase 3 and that GSH inhibited the catalytic activity of caspase 3 and not granzyme B processing of caspase 3.
Although recent work has established that Bcl-2 can block release of cytochrome c and certain other mitochondrial features of apoptosis (22, 23) (for a review see ref. 24 ), a substantial fraction of total cellular Bcl-2 localizes to the nuclear envelope (25) , where it may exert additional antiapoptotic activities (8, 26, 27) , and we favor the idea that Bcl-2 interferes with apoptosis at multiple subcellular sites concurrently. Although the observation that Bcl-2 promotes nuclear uptake of GSH is unprecedented, our data are entirely consistent with previous results demonstrating that GSH depletion and efflux occur at a very early stage of apoptosis (28, 29) and that the pro-apoptotic effects of p53 are associated with transcription of genes that generate or respond to oxidative stress (30) . Precisely how GSH interferes with nuclear caspase activation is not clear, although the fact that reducing agents actually maintain the activity of recombinant caspase-3 (31) argues that its interference with caspase activity in vivo is indirect, and we are currently pursuing the underlying mechanism(s) aggressively. In a broader sense, however, an alteration in nuclear redox by Bcl-2 modification of GSH concentrations may have pleiotropic effects on susceptibility to DNA damage, gene transcription, and nuclear signal transduction both before and following an apoptotic stimulus; this in essence may determine the response of a cell to an apoptotic stimulus before activation of the apoptotic pathway. This may indeed explain the multiplicity of effects Bcl-2 and its family members appear to have on cells.
